The process of anatomic closure of the ductus arteriosus was studied at the ultrastructural level in 15 normal beagles (age 0 hour to 13 days) and in 18 specimens from a strain of dogs with hereditary persistent ductus arteriosus (age 4 hours to 27 days). Normal ductal closure takes place from the pulmonary artery to the aortic end. It is accompanied by a series of histologic changes: I) separation of the endothelial cells from the internal elastic lamina resulting in a wide region of subendothelial edema; 2) ingrowth and infolding of endothelial cells and migration of undifferentiated smooth muscle cells from the inner media into the subendothelial region; 3) apposition of endothelial cells bordering the lumen; and 4) Studies of the functional and anatomic closure of the ductus arteriosus have been pursued with renewed interest since discovery of the possibility of medical manipulation of this process with prostaglandins and prostaglandin inhibitors (I). In this study we examined the relevant histologic changes accompanying ductal closure to gain a better understanding of the closing process of the ductus arteriosus and the extent to which it is prone to medical manipulation. In recent years we have concentrated on the morphology of the normal and persistent human ductus arteriosus (2-4). However, because human material is not easily available for study, detailed ultrastructural information is difficult to obtain and reported data are scarce (5).
The process of anatomic closure of the ductus arteriosus was studied at the ultrastructural level in 15 normal beagles (age 0 hour to 13 days) and in 18 specimens from a strain of dogs with hereditary persistent ductus arteriosus (age 4 hours to 27 days). Normal ductal closure takes place from the pulmonary artery to the aortic end. It is accompanied by a series of histologic changes: I) separation of the endothelial cells from the internal elastic lamina resulting in a wide region of subendothelial edema; 2) ingrowth and infolding of endothelial cells and migration of undifferentiated smooth muscle cells from the inner media into the subendothelial region; 3) apposition of endothelial cells bordering the lumen; and 4) Studies of the functional and anatomic closure of the ductus arteriosus have been pursued with renewed interest since discovery of the possibility of medical manipulation of this process with prostaglandins and prostaglandin inhibitors (I). In this study we examined the relevant histologic changes accompanying ductal closure to gain a better understanding of the closing process of the ductus arteriosus and the extent to which it is prone to medical manipulation. In recent years we have concentrated on the morphology of the normal and persistent human ductus arteriosus (2) (3) (4) . However, because human material is not easily available for study, detailed ultrastructural information is difficult to obtain and reported data are scarce (5) .
In the present investigation, the ductus arteriosus in dogs was used as a model in which to study the structural and degenerative changes. In persistent ductus arteriosus, these changes do not occur. The endothelial cells remain closely adhered to the internal elastic lamina and the underlying media is abnormal in structure. In the case of partial persistent ductus arteriosus (ductus diverticulum), both the normal and the abnormal type of wall are found in a single ductus arteriosus. The histologic features of the normal and the persistent ductus arteriosus in the dog resemble those of the norinal and the persistent ductus arteriosus in humans, suggesting a similar pathogenesis.
(J Am Coil CardioI1985; 6:394-404) ultrastructural characteristics of normal anatomic closure. The characteristics of closure of the ductus arteriosus in normal beagle dogs were compared with those of the ductus arteriosus from offspring of a strain of dogs that is genetically predisposed to persistent patency of the ductus (6) (7) (8) (9) (10) .
Methods
Study material. The study material comprised the ductus arteriosus from 15 normal beagles (Table l) and 18 specimens from a strain of dogs with hereditary persistent ductus arteriosus ( Table 2 ). The beagles were purchased from a commercial breeder whose breeding stock had been examined previously for congenital defects. The strain with hereditary persistent ductus arteriosus was derived from dogs with naturally occurring persistent ductus arteriosus; this strain has been maintained as a colony at the University of Pennsylvania since 1971 (6) .
Clinical and anatomic data. The postnatal age of the study animals varied from 0 hour to 13 days in the beagle and from 4 hours to 27 days in the strain of dogs with persistent ductus arteriosus. Clinical information was available concerning the presence of cardiovascular murmurs and failure to thrive. Holosystolic or continuous murmurs characteristic of persistent ductus arteriosus were detected in 
+ = patent; ± = almost closed at pulmonary end; -= closed; a = development of edema; b = infolding of the endothelial cells, more marked edema and protrusion of inner media cells in the subendothelial region; c = infiltration of the subendothelial region with various cell types; d = start of degenerative changes with accumulation of lipid droplets. some dogs from the persistent ductus arteriosus strain but not in the normal beagles.
Previous studies have shown that abnormal closure of the ductus arteriosus occurs in 80% of the offspring of the persistent ductus arteriosus strain when both parents have this lesion. The anatomic abnormality varies in degree (6) . In the mildest form recognizable by gross examination, the e,f; a *Marked murmur; tsoft murmur; :j:no murmur. + = patent ductus; ± = ductus almost closed at pulmonary end; -= ductus closed; e = no development of edema; f = slight development of dark-staining edema without infolding of endothelial cells; other abbreviations as in Table I .
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NORMAL AND PERSISTENT DUCTUS ARTERIOSUS ductus arteriosus closes at the pulmonary artery end, but remains open over the rest of its length, producing a funnelshaped diverticulum that is in communication with the aorta (ductus diverticulum). In most affected dogs, the ductus arteriosus remains open over its entire length but is smallest at the end adjoining the pulmonary artery. In the most severe form, the ductus arteriosus is cylindrical and its diameter equals that of the aorta. Dogs with the latter form of persistent ductus arteriosus have severe pulmonary hypertension.
Ultrastructural study. The dogs were killed immediately before the collection of tissues by intraperitoneal injection of pentobarbital sodium. All specimens were prepared for ultrastructural study by perfusion with half-strength Kamovsky's fixative (11) and immersed in the same fixative for 24 hours. Thereafter, the specimens were transferred to cacodylate buffer. For comparison with earlier light microscopic studies (8) (9) (10) , two specimens were fixed in formalin (4%) for complete serial sectioning. One near-term dog (Table I ) was delivered by cesarean section and not allowed to breathe at birth.
Blocks of tissue were taken at similar sites in each ductus (Fig. I) to allow better comparison of the results. Blocks A and C were sectioned sagittally and block B was sectioned transversely (Fig. I) . Each block was sectioned in 1 /-Lm thin sections that were routinely stained with toluidine blue. Selected sections were stained with alcian blue (pH 2.2). Some sections were pretreated with hyaluronidase to digest hyaluronic acid. Ultrathin sections were made for electron microscopic survey. In four specimens, the inner surface of the ductus arteriosus and the aorta were studied with the scanning electron microscope.
Results
Normal Closing Process of the Ductus Arteriosus in the Beagle
The histologic changes of the ductal wall occurring sequentially during anatomic closure are observed in a single A to C = blocks of tissue studied for ductus arteriosus; * = crista reuniens; AAo = ascending aorta; DAo = descending aorta; P = pulmonary artery. ductus arteriosus when the entire length of the vessel is studied. The aortic end of the ductus is the least advanced toward closure, and the pulmonary end the most advanced. Parts A, Band C ( Fig. 1) should be studied to ensure that all essential changes in the ductal wall are observed. If only part B is studied, the ductus should range in age from 0 hour to approximately 5 days. Apparently, ductal closure proceeds from the pUlmonary to the aortic end. Intimal changes. Endothelium and subendothelial region. In the intimal region of the youngest animal at term (0 hour) (Table 1 ) and in part A (Fig. 1 ) of most other specimens, the endothelial cells are separated from the underlying internal elastic lamina by a clear space containing only a few cells ( Fig. 2A and 3A ). This subendothelial edema was present in all specimens from the normal beagle, including that from the beagle delivered by cesarean section and killed without breathing ( after birth, the lumen of the ductus arteriosus is much smaller and the edema more marked. The endothelial cells form clumps and strands that project into the subendothelial region ( Fig. 3B and 4) . They have an ill defined basement membrane. In the strands, there is close apposition of the endothelial cells. Occasionally an erythrocyte is trapped. All endothelial cells that project into the subendothelial region have a swollen appearance ( Fig. 2B and 3B ). The endothelial cells remain connected with the inner media cells ( Fig. 3A and B) by thin cytoplasmic protrusions and a fine fibrillar extracellular material. The fine, thready material resembles the microfibrillar part of the elastic fiber.
Medial cells and the subendothelial region. In the earliest phase (0 hour) ( Fig. 2A and 3 ), there are a variable number of small spindle-shaped dark cells (1JLm toluidine blue-stained sections) in the inner media. They seem to pass the internal elastic lamina and protrude into the subendothelial region. These dark cells, which we provisionally consider to be undifferentiated smooth muscle cells, can be distinguished from the larger and paler-staining smooth muscle cells of the main part of the inner media. The change in structure of the inner media and the outer subendothelial region causes the internal elastic lamina to become fragmented and less recognizable.
Advancing closure, first noted at the pulmonary end of the ductus arteriosus in the 1 day old beagle, causes the dark, spindle-shaped cells to lose contact with the inner media and become distributed, seemingly at random, in the subendothelial region. The swollen endothelial cells that project into the subendothelial region lose their mutual contacts ( Fig. 2C and 5 ). Leukocytes and erythrocytes may be found in the subendothelial region. The endothelial cells bordering the lumen are now in close apical apposition (Fig_ 6A). The gap between them can be distinguished only at the ultrastructural level (15 to 30 JLm). An occasional erythrocyte is wedged between these endothelial cells, which have a healthy appearance with many membrane-bound pinocytotic vesicles both at the lumen and the side bordering the subendothelial region (Fig. 6B) .
Media. The structure of the media is different in various parts of the ductus arteriosus. Of particular interest is the portion of the ductal wall that is adjacent to the aortic wall and merges completely with it at the crista reuniens (Fig.  1) . We refer to this portion as the roof of the ductus arteriosus. It is continuous by way of the lateral walls with the base of the ductus, which is a free wall.
Aortic, mixed and ductal type of media. In normal beagles, starting at the rim of the crista reuniens, the media has the appearance of an elastic artery (aortic type of media) with regular elastic lamellae alternating with smooth muscle cell layers. In the direction of the pulmonary artery, the roof of the ductus arteriosus changes its structure. The inner media develops an increasingly more disorganized muscular and elastic tissue pattern that is best seen in part B2 ( Figure 2A . The left side already shows infolding of the endothelium (Fig. 2B ). In the upper and lower part there are folds with apposition (app) of endothelial cells. Cells of the inner media protrude through the internal elastic lamina (iel). In the media (m) there is abundant intercellular material (im). B, Detail of A, which shows the pale-staining, swollen, infolded endothelial cells and the dark spindle-shaped cells of the inner media which protrude into the subendothelial region. The position of the internal elastic lamina is indicated by arrows. Fine thready material connects the endothelial cells with the inner media cells. I). We tenn this the mixed type of media. The aortic and ductal walls are not yet separated by fibrous tissue (Fig. 7) . In most cases the edema of the intima is not clearly marked.
The media at the base of the ductus arteriosus in part B2 is thicker and already completely ductal, with marked edema in the subendothelial region. This results in an asymmetric ductus in a transverse section of part B2 (Fig. 7) . In parts Bland C the ductal and aortic walls are separated and the structure of the media has a circumferential ductal appearance with an equally thick roof and base.
The ductal structure of the media is characterized by a media consisting mainly of large, pale-staining smooth mus-GITTENBERGER'DE GROOT ET AL.
NORMAL AND PERSISTENT DUCTUS ARTERIOSUS
B
cle cells that have a circumferential to spiraling orientation. A regularly structured elastic lamina is absent. It is still unclear whether the more longitudinally oriented smaller cells in the inner media and outer subendothelial region are smooth muscle cells. Between the larger smooth muscle cells there are extensive extracellular spaces filled with a mucopolysaccharide substance that can vary from homogeneous to granular and flocculent. Collagen and elastic fibers can be recognized by their typical ultrastructural features. Staining with alcian blue at low pH after pretreatment with hyaluronidase suggests that hyaluronic acid is present in the media and the edematous subendothelial region. At the pulmonary end, the ductus arteriosus merges rather abruptly with the more elastic vessel wall of the pulmonary trunk and arteries.
Degenerative changes. Degenerative changes occur in the last phase of the closure process. These are first encountered in the inner media and outer subendothelial region. The changes then spread in a more central and peripheral direction causing the endothelial cells at the lumi~al apposition line to disappear. The onset of degenerative changes is indicated by many lipid droplets accumulating in the cytoplasm (Fig. 2D and 8A and B) . Phagocytosis of dead cells is apparent. These cellular changes are already discernible in part C at 3 days of age (Fig. 1) . At 5 days of Figure 3A and B.
age they are clearly present throughout the length of the ductus.
Normal and Abnormal Closure of the Ductus Arteriosus of Dogs From the Persistent Ductus Arteriosus Strain
In 4 of the 18 offspring of dogs with hereditary persistent ductus arteriosus, the ductus was closed as assessed by clinical and gross anatomic criteria (Table 2, Cases 3 to 5 and 15). The wall structure in these dogs is similar to that of the normal beagles. An advanced degree of intimal edema with infolding of the endothelial cells and cellular infiltration is found. The sequence of the intimal changes in the wall of the normal closing ductus arteriosus of dogs from the persistent ductus arteriosus strain does not differ from that in the beagle, but the changes occur later.
In 14 dogs from the persistent ductus arteriosus strain the ductal structure differs in both intima and media from that of normal beagles, either over the complete length of the ductus or in only a part of the wall. There is a correlation with the clinical diagnosis of patency on the basis of a
murmur or failure to thrive, or both (Table 2) . Those dogs with a clinical diagnosis of a completely persistent ductus arteriosus had the most extreme form of the lesion on histologic study.
Intima: endothelium and the subendothelial region. In contrast to findings in the normal closing ductus, there is no edema in the intima of the ductus with abnormal closure. The endothelial cells adhere closely to the underlying internal elastic lamina (Fig. 2E and 9A ). There is a flocculent material of unclear nature between the endothelial cells and the solid elastic lamina (Fig. 9B) . This may be part of the basement membrane; however, it also resembles pro-elastin. Nonendothelial cells are sparsely trapped in the narrow subendothelial region. In some specimens, subendothelial thickening with an increase of both cellular and extracellular material is found (Fig. 2F) . However, there is a lack of infolding of endothelial cells. The intercellular substance stains much darker with toluidine blue than in a normal closing ductus arteriosus and there is less hyaluronic acid. In some specimens from the persistent ductus arteriosus strain, the abnormal intima surrounds the lumen over the full length of the ductus (Table 2 , Cases lO and 17). In others, however, it is situated in the ductal roof only, and in these the base of the ductus has a normal edematous intima in various degrees of maturation (Table 2 , Cases 2, 6,7,11 and 18), Media: aortic, mixed and ductal type of media. The abnormal intima is usually associated with an underlying abnormal media, The medial abnormality, which is most marked in the roof, consists of the extension of the aortic (Fig. lO) and mixed type of media over a greater proportion of the ductal wall. The medial architecture in the affected segment is much more elastic and compact than that of a normal ductal wall. However, the very regular lamellar structure of the aorta is not found.
Macroscopically, the affected ductus arteriosus is shorter GITTENBERGER-\)~. GROOT ET AL.
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NORMAL AND PERSISTENT DUCTUS ARTERIOSUS B than normal. In none of the persistent ductus arteriosus strain specimens does a transverse section in part C show a circumferential ductal media. In all specimens at least the roof is of the aortic or mixed type. This results in an asymmetric ductus arteriosus in transverse sections of parts B2 and C. However, even in ductus arteriosi with an abnormal intima throughout, there is always a part of the base of the ductus at the pulmonary artery end (part C) with a media that is ductal in structure.
Degenerative changes. Degenerative changes comparable with those found in the beagle ductus arteriosus are also encountered in the ductus of dogs from the persistent ductus arteriosus strain. However, in these the degeneration is confined to that part in which the media is ductal in structure.
Discussion
Normal and abnormal ductal closure in the dog.
Intima. Reported data (6-lO) and our findings at the ultrastructural level indicate that anatomic closure of the ductus arteriosus in the beagle is similar to that in normal dogs from the persistent ductus arteriosus strain. Closure starts at the pulmonary end with close apposition of still functional endothelial cells. A thrombotic process does not seem to be Before irreversible closure occurs, several histologic changes have taken place. These are particularly obvious in the inner media and the intima. In studies of the ultrastructure of both the rat (12) and the human (5) ductus arteriosus, the ftinction and fate of the endothelial cells are neglected. We have observed that in a normal closing ductus the endothelial cells are separated from the internal elastic lamina and the media. A distinct basement membrane is lacking underneath the endothelium. The endothelial cells may become swollen, forming clumps and sometimes capillarylike strands projecting into the subendothelial region. The remaining cells, bordering the lumen, come into close apical apposition. The apposed cells neither develop junctional complexes nor migrate from one side to the other. Concerning the endothelial cells that form strands projecting il1to the subendothelial region, recently reported data (13, 14) might be relevant; these indicate that certain endothelial cells are capable of degrading components of their basement membrane. This process might be followed by migration of endothelial cells With subsequent formation of new vascular buds in the extracellular matrix.
In our material, degenerative changes characteristic of irreversible closure were not seen in any of the partially abnormal ductus from offspring of the persistent ductus arteriosus strain, even though in some of these the ductus was anatomically closed at the pulmonary artery end. Such specimens, in which the ductus remains open over the remainder of its length, correspond to the ductus diverticulum described in earlier reports (6, 10) . We assume that, had we studied such specimens from older dogs, degenerative changes characteristic of the more advanced stage of ductal closure would have been found in the localized area of closure.
In the persistent ductus arteriosus, the endothelial cell is closely related to the underlying elastic lamina. There seems to be a well developed basement membrane. At the ultrastructlirallevel the extracellular substance between the endothelial cell and the internal elastic lamina closely resembles pro-elastin (15) . It has been suggested not only that smooth muscle cells and fibroblasts are responsible for the formation of elastic fibers (16) , but also that the endothelial cell might be involved (17) .
We can only speculate about the significance of the separation of the endothelial cells from the underlying vessel wall layers in the normal ductus. The presence of this subendothelial edema in the dog that was delivered by cesarean section indicates that this feature develops before birth and is independent of the onset of breathing, as has also been described for the rabbit (18) . The development of subendothelial edema may be related to the beginning of contraction (18, 19) , starting before birth. This possible role of ductal smooth muscle contraction is suggested by the absence of edema in the ductus of the persistent ductus arteriosus strain, since it has been shown previously that the ductus has diminished capacity to constrict in response to oxygen and vasoconstrictor drugs (7) . However, the occasional finding of an abrupt transition from an edematous intima to an intima without edema, independent of the amount of smooth muscle cells in the underlying media, does not support this view. Usually there is edema in the region of the crista reuniens at the aortic end of the normal ductus. Here the media is still rather elastic and poor in smooth muscle cells, suggesting that smooth muscle contraction need not to be a major factor in the formation of edema.
It has been proposed (20) that an intact endothelium may be important in maintaining relaxation of a muscular artery. This implies an interaction of the endothelium and the medial smooth muscle cells. It might be postulated that ductal patency in the fetal period is dependent on the presence of an intact normal endothelium. Ductal constriction might be enhanced by the loss of normal cellular relations as is seen GllTENBERGER-DE GROOT ET AL.
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in the intima of the normal closing ductus arteriosus. In the persistent ductus this cellular relation is maintained.
Media. The function and nature of the small dark cells in the inner media must be further evaluated. These are clearly discernible in the normal ductus arteriosus and seem to migrate into the subendothelial region. In various animal species these cells have been referred to as smooth or modified smooth muscle cells (5, 12) . The possibility that they are undifferentiated smooth muscle cells, as described in coronary artery intimal proliferation (21) , cannot be ruled out.
In the persistent ductus, the small dark cells in the inner media are either far fewer in number or more difficult to detect. It can be hypothesized that the lack of endothelial detachment in the persistent ductus inhibits transformation and migration of smooth muscle cells from the medial to the intimal region. A similar mechanism has been postulated to be important in the pathogenesis of atherosclerosis (22) .
It is apparent from these and previous studies of the persistent ductus arteriosus strain (7, 9, 10) that the roof of the ductus arteriosus in persistent ductus is more elastic than usual and that this phenomenon is accompanied by a decreased capacity of the ductus to constrict (7, 10) . In the present study, we found a clear relation between the abnormal presence of an aortic or a mixed type of ductal media A and the abnonnal intimal structure of persistent ductus: areas of the ductus with an abnonnal media tended to lack subendothelial edema. However, this relation is not exclusive. An abnonnal intima in some cases can accompany a muscular media in a persistent ductus, whereas a mixed type of media in a nonnal ductus can be accompanied by subendothelial edema.
Comparability of human and canine ductus arteriosus. Comparison of the nonnal human with the nonnal canine ductus at light microscopic level shows the main difference to be in the time of development of the intimal thickening. In the human, intimal cushions develop in the fetal ductus arteriosus during the last 3 months of pregnancy (4) . In the dog, except for the edema, the intimal changes take place in the first hours to days after birth. When characteristics of intimal cushion fonnation in the human ductus (5) are compared with our findings in the dog, the timing rather than the character or the sequence of the histologic changes appears to be different.
As has been described (2, 23) , the only typical finding in the persistent ductus arteriosus in humans is the close adherence between the endothelium and a subendothelial elastic lamina. This can be either the nonnal internal elastic lamina, as found in the premature ductus arteriosus, or an additional elastic subendothelial elastic lamina lying above Figure 9 . A, Intima and media of the ductus arteriosus of a 7 day old dog from the strain with persistent ductus arteriosus with an abnormal wall (Table 2, Case 10). There is no edema and the endothelial (end) cells adhere closely to the internal elastic lamina (iel). The media (m) is ductal in character. B, Scanning electron micrograph of the endothelium of a 27 day old dog from the strain with persistent ductus arteriosus (Table 2, Case 17) with an abnormal wall. The whitish substance is elastin of the internal elastic lamina (iel). Also collagen (coli) fibers are visible in the intercellular substance.
an intimal cushion. In the dog with hereditary persistent ductus arteriosus, this close relation of the endothelium with an underlying elastic lamina is also found.
Future research. It appears that in a normal closing ductus arteriosus the separation of the endothelial cells from the underlying media cells is an initial step in the progress of definitive anatomic sealing. The histologic changes in intima and media of the ductus arteriosus that occur during what can be considered a nonnal physiologic process, have a striking resemblance to the development of pathologiC intimal thickening in other arteries. This process is in some way disrupted by the genetic defect underlying persistence of the ductus in the persistent ductus arteriosus strain of dogs. Further study of the nonnal anatomic closing process of the ductus compared with the defect in the persistent Figure 10 . Part of a transverse section of the abnormal ductus arteriosus of an II day old dog from the persistent ductus arteriosus strain (Table 2, Case 13). The roof of the ductus arteriosus, which lies between the aorta (ao) and the lumen of the ductus arteriosus (da), is more elastic in character and resembles the media of an aorta. There is no edema and the endothelium adheres closely to the underlying media. On the opposite side there is some development of dark-staining edema (sed) and the underlying media is more ductal in character.
ductus arteriosus strain should enhance our understanding not only of normal and abnormal ductal closure, but also of the development of intimal thickening in general, and of the genetic control of the structure of vessel walls.
Clinical implications. The histologic similarity of the genetically determined persistent ductus arteriosus in the dog and the most common type (2,23) of human persistent ductus arteriosus favors the view that they have a similar pathogenesis. Although there have been no studies correlating genetic data with the histologic structure of the ductus arteriosus in humans, there is ample evidence that isolated persistent ductus arteriosus in full-term infants has a genetic origin 00,24). A persistent ductus seen after a rubella infection in utero differs histologically from the most common type of persistent ductus (23) .
The persistent ductus as a congenitally malformed vessel should not be confused with the normal ductus in the second GITIENBERGER-DE GROOT ET AL.
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NORMAL AND PERSISTENT DUCTUS ARTERIOSUS and third trimesters of pregnancy. The ductus in premature infants often does not close at birth; however, spontaneous closure will occur weeks to months after ductal maturation (4). In contrast, in patients with persistent ductus arteriosus, closure is not likely to occur spontaneously because of the abnormal wall structure and medical manipulation with prostaglandin inhibitors (25) is less likely to effect it.
The finding of a partially abnormal wall in some canine ductus genetically predisposed to persistence emphasizes the need to determine whether a similar partial structural abnormality is an underlying cause for prolonged ductal patency in full-term human infants. It will also be of interest to determine whether the hemodynamically insignificant forme fruste of persistent ductus arteriosus (ductus diverticulum) occurs in the close relatives of humans with persistent ductus arteriosus, as it does in the dog (6) .
